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ABSTRACT
The change In  shape o f th e  NMR free  induction  decay (FID) in  
so lid s  i s  c a lc u la te d  fo r  th e  case o f th e  p o in t d e fec t induced quadru- 
po le  in te ra c t io n . The c a lc u la tio n  agrees in  form w ith  th e  r e s u l t  o f 
Fedders and p re d ic ts  an FID o f  th e  form V (t) e x p ( - K t ^ ) ,  where V (t) 
i s  the  FID w ith  no quadrupole in te ra c tio n  (a  p e rfe c t  c r y s ta l ) , and K 
i s  p ro p o rtio n a l to  the  d e fec t d en sity . Three experiments were con­
ducted using  t h i s  r e s u l t .  We f i r s t  adapt t h i s  theory to  analyze FID 
d a ta  taken on th e  th ree  iso to p es  in  GaAs. The theory  gives accu ra te  
f i t s  to  the  d a ta , and defec t d e n s itie s  a re  c a lcu la te d  from th e  f i t  
param eters fo r  se v e ra l therm ally  damaged sanples and one doped sample. 
The d e n s itie s  found fo r  the  damaged sanples agree w ith  the  p re d ic tio n  
o f a thermodynamic c a lc u la tio n , fo r  the  sm alle r d e n s i t ie s .  S ig n if i ­
cant d ev ia tio n s  occur a t  d e n s i t ie s  la rg e  enough th a t  approxim ations 
made in  the  l in e  shape theory  begin to  b reak  down. The magnitude o f 
th e  dev ia tio n s i s  la rg e r  th an  expected from th e  breakdown o f theory  
a lo n e , and considered in  l ig h t  o f a rec en t c a lc u la tio n  by Van Vechten 
i s  now thought to  be the r e s u l t  o f a p h y sica l e f f e c t .  The d e fec t 
d en sity  measured fo r  the  doped sanple i s  an o rder o f magnitude le s s  
than the  charge c a r r ie r  concen tra tion . This f a i lu r e  may be due to  
th e  breakdown in  th e  theory o r  to  donor c lu s te r in g  on d is lo c a tio n s .
The pseudodipolar and exchange coupling constan ts were measured 
fo r  GaP and GaAs. The constan ts  fo r  GaP a re  derived  from measure-
v i
merits o f  the  second moment o f  31p FIDs . The l in e  shape theory  i s  used 
to  e lim ina te  th e  quadrupolar co n trib u tio n s  to  th e  second moments o f 
P ID 's in  GaAs and sim plify  measurement o f  the  coupling constan ts in  
th a t  m a te ria l. R esu lts a re  d iscussed  w ith  refe rence  to  th e o re t ic a l  
p re d ic tio n s  based on an ex tension  o f th e  bond o r b i ta l  model o f t e t r a -  
h e d ra lly  coordinated so lid s .
Atomic displacem ent damage in  GaAs s in g le  c ry s ta ls  by ^C o  gamma 
ra d ia tio n  was measured using  c a lc u la tio n s  based on th e  l in e  shape
1 lltheory . Charged d e fec t d en s ity  in c reases  o f  (2 .6  + 1 .0 ) x 10 cm 
and (2 .8  + 1 . 1 ) x lO-^cm-3 were measured fo r  garnna exposures o f  1 .4 l  
x 10-^cnT2 and 1.31 x 10-^cnf2 re s p e c tiv e ly . These r e s u l ts  compare 
favorably  w ith  c a r r ie r  removal r a te  d a ta  and th e o r e t ic a l  c a lc u la tio n s  
o f  d e fe c t d e n s i t ie s .  Data were taken using  a two p u lse  sequence th a t  
reduces p ie z o e le c tr ic  d is to r t io n  of th e  f re e  induction  decay.
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QUADRUPOLE MODULATION OF NMR FREE INDUCTION DECAYS
I .  INTRODUCTION
The un ify ing  s tru c tu re  o f  th i s  re sea rch  i s  the  in v e s tig a tio n  o f  a  
theo ry  p re d ic tin g  the  change in  th e  NMR f re e  induction  decay (FID) due 
to  th e  e le c t r ic  quadripole in te ra c t io n . Ihe  d e riv a tio n  o f the  th eo ry , 
dubbed here th e  " t^ /^ "  th eo ry , i s  d if f e re n t  in  approach and more phys­
i c a l  than th a t  published  by Fedders.^  I t  fu r th e r  g en era lize s  some 
aspec ts  o f  th e  previous work and c o rre c ts  some typographic e r ro rs .
The experim ents derived  from th is  theo ry  seek to  v e rify  i t s  p re ­
d ic tio n s  in  bo th  a  forward and reverse  sense . Two experim ents use th e  
»t3/2» p re d ic tio n s  to  measure the  charged d e fec t d e n s it ie s  o f GaAs 
s in g le  c ry s ta ls  from th e i r  quadrupole modulated FIDs. A th ird  ex p eri­
ment reverses the  theory to  syn thesize  GaAs FIDs w ith no quadrupole 
co n trib u tio n  fo r  th e  study o f  o th e r broadening mechanisms.
The I II-V  compounds GaAs and GaP were chosen fo r  th is  study.
T h e ir uses in  s o l id  s ta te  e le c tro n ic  devices l ik e  the num erical d is ­
p lay s o f hand c a lc u la to rs  lends a  sense o f  pragmatism to  th e  work. 
F o rtu ito u s ly , s in g le  c ry s ta ls  o f  these  m a te ria ls  w ith low concentra­
t io n s  o f d e fe c ts  a re  a v a ila b le  from device m anufacturers.
Both m a te ria ls  e x h ib it th e  zinc blende o r sp h a le r i te  s tru c tu re . 
Each atomic c o n s titu e n t forms a  fee  l a t t i c e  th a t  i s  in te r le a v e d , w ith  
a  sep ara tio n  o f  one q u a rte r  o f  th e  body d iagona l, by th e  fee  l a t t i c e  
o f  th e  o ther elem ent. The te tra h e d ra l  symmetry im plies th a t  th e re  i s  
no s t a t i c  e le c t r i c  f i e ld  g rad ien t a t  the  nuc lear s i t e s .  Since the
quadripo le  mechanism describes the  in te ra c t io n  o f  th e  nucleus w ith 
e le c t r i c  f ie ld  g ra d ie n ts , th e re  i s  no e f f e c t  in  p e rfe c t c ry s ta ls .  
C rysta l d e fe c ts , however, can c rea te  random g rad ien ts and tu rn  on the 
mechanism. In  th e  l im it o f  very low d e fe c t d e n s it ie s  th e  quadrupole 
c o n tr ib u tio n  can be t re a te d  as a  p e rtu rb a tio n  to  th e  l in e  shape.
Four in te ra c t io n  mechanisms a re  resp o n sib le  fo r  l in e  broadening in  
III-V  compounds.
The d ip o le -d ip o le  in te ra c t io n  theory  i s  the most obvious physi­
c a lly  and o ld es t h i s to r ic a l ly .  I t  was d e f in i t iv e ly  t re a te d  in  1948 by 
2Van V leck, who o ffe red  both c a lc u la tio n s  o f th is  co n trib u tio n  to  the
moments o f  the  absorp tion  l in e  and supporting  comparison to  th e  d a ta
of Pake and P u rc e ll .^
Two fu r th e r  mechanisms, th e  exchange and pseudodipolar couplings,
d escrib e  broadening o f  the  nuc lear resonance l in e  by in te ra c tio n  w ith
a c
the e le c tro n ic  c ry s ta l  environment. Shulman, e t  a l 3 J f i r s t  a t t r i ­
buted th e  unexpectedly la rg e  NMR second moment o f GaAs powder samples 
to  th e  in d ire c t  exchange in te ra c t io n  between un like  sp in  systems.
Using bo th  NMR and nuclear aco u stic  resonance, Sundfors^ measured the 
exchange c o n trib u tio n  to  th e  second moments and hence the  exchange 
coupling constan ts in  sev e ra l III-V  compounds inc lu d in g  GaAs. The
7
pseudodipolar in te ra c t io n  was f i r s t  d iscussed  by Ruderman and K it te l .  
Large negative  pseudodipolar c o n trib u tio n s  to  the  second moment, e f ­
f e c t iv e ly  can ce llin g  much o f th e  d ip o le -d ip o le  in te r a c t io n , have been
8 9found experim entally  in  both InP and GaAs. The p resen t work con­
firm s th i s  e f fe c t  in  both GaAs and GaP.
10R ecently Huang, e t  a i r  have extended H arriso n 's  one-e lec tron  
bond o r b i ta l  model (BOM) o f  te tra h e d ra l ly  coordinated s o lid s 11 to  a
two e le c tro n  model. This has allowed them to  c a lc u la te  th e o re tic a l  
values fo r  th e  n u c lea r exchange and pseudodipolar c o e f f ic ie n ts .
A lo s s  o f  NMR s ig n a l in te n s i ty  w ith  in c reas in g  concen tra tion  of
s u b s ti tu t io n a l  im p u ritie s  was explained in  terms o f  th e  quadrupole in -
12 -3te ra c t io n  by Rhoderick. He assigned a  r  dependence to  the  e le c t r i c
f ie ld  g rad ien ts  o f  an ion ized  c ry s ta l  im purity* and req u ired  anomalous­
ly  la rg e  Stem heim er a n tish ie ld in g  fa c to rs  on the  o rder o f  1000 to  
exp la in  the  s e n s i t iv i ty  o f the  NMR lin e  to  charged im p u ritie s .
The coupling constan t r e la t in g  the  e le c t r i c  f i e ld  g rad ien t to  a
homogeneous e x te rn a l e le c t r i c  f i e ld  was measured by G il l  and Bloerriber- 
13gen. The constan t can be estim ated  w ith  a n tish ie ld in g  fa c to rs  o f
approxim ately 30* by a t t r ib u t in g  the  f i e ld  g rad ien ts to  both valence
o r b i ta l  displacem ent and r e la t iv e  s h i f t in g  o f  the  Ga and As s u b la tt ic e s .
This so -c a lle d  induced f i e ld  g rad ien t i s  p ro p o rtio n a l to  the  app lied
-2f i e ld  and th u s , fo r  a p o in t charge, has a  r  dependence.
Sundfors^ app lied  th is  induced f i e ld  g rad ien t model to  NMR and 
NAR date  taken on se v e ra l I I I -V  compounds. By s e t t in g  th e  number o f  
charged d e fec ts  equal to  the  charge c a r r ie r  concen tra tion  o f h is  sam­
ples* he achieved approximate agreement w ith  the  work o f  G ill  and 
Bloerrbergen.
The in-mediate p recu rso r o f th i s  work* the  research  o f  R. K.
H ester95 determined th e  d e fec t d en sity  increases in  GaAs sanples
th a t  were rap id ly  cooled from high te n p e ra tu re s . H ester a lso  calcu­
la te d  th e  s tren g th  o f  the  pseudodipolar and exchange in te ra c tio n s  
using  second moments and a  c le v e r su b tra c tio n  scheme in  l ie u  o f a  l in e  
shape theory .
A nalysis w ith  the  theory  in c reases the  u se fu lness o f the
NMR technique by g iv ing  i t  g re a te r  accuracy and new a p p lic a tio n s .
In  terms o f  d e fec t measurements, NMR d e te c tio n  w ith  " t^ /^n  anal­
y s is  works b e s t where o ther methods break down. For low d e fe c t densi­
t i e s  l ik e  lO ^ c n f^ , where n e ith e r  s tra ig h tfo rw ard  chemical analy sis
15
nor th e  l a t t i c e  sw elling  measurements o f th e  Kossel l in e  technique 
are  p o ss ib le , NMR measurements a re  a t  th e i r  b e s t .  Unlike H all e ffe c t 
measurements o f th e  n e t charge c a r r ie r  co n cen tra tion , NMR accu ra te ly  
counts both e le c tro n  donors and accep to rs.
The second general u t i l i t y  o f  the  whole l in e  shape approach l i e s  
in  th e  syn thesis  o f  FIDs from a d e fe c t- f re e  c ry s ta l .  Ihese  experi­
m entally  unobtainable s ig n a ls  can then be used in  o ther s tu d ie s , l ik e  
the  measurement o f  th e  e lectron -coup led  broadening mechanisms.
The d e riv a tio n  o f the  whole l in e  shape theory  th a t  i s  th e  theme o f  
t h i s  work i s  p resen ted  nex t. The th re e  experim ental ap p lica tio n s  f o l ­
low, each con ta in ing  the  sp e c ia liz e d  c a lc u la tio n s  necessary  fo r  anal­
y s is .  A general d iscussion  concludes th e  re p o r t .
Much of th e  re sea rch  included in  th is  d is s e r ta t io n  was previously  
rep o rted  by the au tho r and co lleagues in  a s e r ie s  o f th re e  a r t ic le s  
subm itted to  the  Physical Review?-
I I .  THEORY
A. The D erivation
Since the d i f f ic u l t i e s  inheren t in  c a lc u la tin g  the  e n tire  NMR 
lin e  shape are w ell known, th is  theory i s  lim ited  to  describ ing  only 
the change in  the  l in e  shape re s u ltin g  from the f i r s t  order quadrupole 
in te ra c tio n . The th e o re tic a l  re s u l t  w i l l  then be used as the  b a s is  
fo r  comparison o f s igna ls  from c ry s ta ls  th a t d i f f e r  only in  th e  amount 
of th i s  in te ra c tio n  th a t  I s  p resen t.
Since a l l  o f the  quadrupolar nuc le i in  the m ateria ls  used experi­
m entally have sp in  3/ 2 , the  bulk of th is  d iscussion  w ill  be appropri­
a te ly  sp ec ia lized . Extension of the theory to  general spin w i l l  be 
deferred  u n t i l  the  end o f th is  sec tion .
I t  i s  assumed th a t  the  quadrupole in te ra c tio n  serves only to  
broaden the  NMR frequency spectrum inhomogeneously. The e f f e c ts  o f 
the quadrupole term  on o ther elements o f the  t o t a l  sp in  Ham iltonian, 
e .g . th e  d ipo le-d ipo le  and in d ire c t  exchange in te ra c tio n s , a re  neglect 
ed. This approximation i s  equivalent to  assuming th a t
P hysica lly  we are assuming th a t  the  quadrupole in te ra c tio n  re ­
s u l ts  in  a small a d d itio n a l smearing o f  an already broad l in e .  Ihe 
s a t e l l i t e  (±3/2 to  ±1/ 2) tra n s it io n s  a re  not w e ll separated from the 
c e n tra l component and the  mutual sp in  f l i p  terms o f  the d ip o la r  Hamil-
(1)
ton ian  are s t i l l  e ffe c tiv e . The consequences o f the  breakdown o f th is  
approximation are  discussed l a t e r .
In  th is  approxim ation, the  NMR s ig n a l from a sp in  3/2 nucleus 
w i l l  be the weighted sum o f the  con tribu tions from th e  unperturbed 
(1/2  to  - 1/ 2) t r a n s it io n  and the  frequency sh if te d  con trib u tio n s from 
the (3/2 to  1 /2 ) and ( - 1/2  to  -3 /2 ) s a t e l l i t e  t r a n s i t io n s .  The l a t t e r  
may be w ritte n  as a  convolution o f th e  sp e c tra l  shape.function  g(w) 
and the  p ro b a b ility  o f a given frequency s h i f t  p(Au>)
( t ( a O  ~ 0-V  n Pd/) ^-<3.6 f  P ^ ^  %  <£(4 ^).  (2 )
— - o
The w eighting fac to rs  in  Eq. (2) r e s u l t  from the  r e la t iv e  t r a n s i ­
t io n  p ro b a b il i t ie s  of the  c e n tra l component and the  s a t e l l i t e s ,  and 
from the assumption th a t  g(o) Is  symmetric about the  Larmor Frequency.
*1
The FID i s  the F ourier transform  o f  th e  NMR. frequency spectrum. 
Equation (2) can be transform ed to  th e  tim e domain w ith  the a id  o f the 
convolution theorem, g iv ing
F(t)  = o-H ?(+)■* o.& ? (t) Q ( + ) D (3)
Where F (t)  I s  th e  observed FID, f ( t )  i s  th e  Fourier transform  o f g(w) 
(and thus the  FID in  the  absence of quadripole broadening), and
P
Q(-f-) = J  p  Uu>)  (4)
— 00
i s  the  quadrupole modulation function .
A p a r t ic u la r  arrangement o f d e fec ts  w il l  give a  d isc re te  frequency 
s h i f t  to  one sp in  so th a t  p(Aoj) can be represen ted  by a  6-fu n c tio n ,
p U J )  -  s  ( *o -  £  4  to *)' o J (5)
where Ao)n Is  th e  s h i f t  due to  defect n .
This 6-fu n c tio n  co llapses the  in te g ra l  in  Eq. (4) to  the r e s u l t
8_  ,  v (  £  a to
Q(+) = e  - " * (6)
In  an experiment one sees th e  sum o f s ig n a ls  from n u c le i th a t  have 
many d if fe re n t  arrangements o f  d e fe c ts . Thus the  observed s ig n a l i s
P f t j  = O . H  ?(+) +  j  (7)
where Q (t) i s  a  con fig u ra tio n  average fo r  th e  defec t co n trib u tio n s  to  
Aion in  Eq. (6) .
In  order to  c a lc u la te  th e  co n fig u ra tio n  average, th e  frequency 
s h i f t  Aujn o f  one nucleus due to  one d efec t must be found. For the  
f i r s t  o rder (high Zeeman f ie ld )  quadrupolar in te ra c t io n , th e  n e t s h i f t  
o f  th e  s a t e l l i t e  (3 /2  to  1/ 2 ) t r a n s i t io n  i s 1?
&CO ~ ±  2.CJ,
f  ? (8a)
where
and
O),  -~/>t Vij(l&X; - i i ) ,Y V  J t 3 (8b)
f t -
the  V y a re  th e  components o f  th e  e le c t r i c  f i e ld  g rad ien t (efg) te n so r , 
the  y  a re  the  d ire c tio n  cosines o f the  Zeeman f ie ld  w ith re sp ec t to  
the  c ry s ta l  l a t t i c e ,  and Q i s  th e  e le c t r i c  quadrupole moment o f th e  
nu c lear spins I .
In  the  zinc-b lende l a t t i c e ,  th e  e fg  ten so r  i s  induced by th e  e le c ­
t r i c  f ie ld s  from charge d e fec ts  according to  the  r e l a t i o n - ^
^  » (9)
where i s  the  k cornponent o f an e le c t r i c  f i e ld  from an e ffe c tiv e  
p o in t charge e , and 6y k equals one i f  th e  in d ices  i ,  j ,  k  a re  a l l
d i f f e r e n t ,  and 0 o therw ise. S u b s titu tio n  o f Eq. (9) in to  Eqs. ( 8 ) 
y ie ld s
4 ^  = ± (  ^  ( 3 ^ ^ r .  ~  S Xj )  S x j k  J ( l 0 )
where th e  a re  th e  d ire c tio n  cosines o f E a t  th e  nucleus. Eq. (10)
can be s im p lif ie d  and re w ritte n  in  th e  form
4Cu ^  *  c . » s V / r *  P (1 1 )
where
< i 2 )
and iji i s  an angle r e la t in g  th e  e fg  te n so r  p r in c ip a l  2-a x is  to  th e  d i­
re c tio n  o f th e  e le c t r i c  f i e ld .  This angle w i l l  be averaged over in  
th e  co n fig u ra tio n  average so i t  need no t be sp e c if ie d  fu r th e r , r  i s  a  
fu n c tio n  o f th e  c ry s ta l  o r ie n ta tio n  in  th e  magnetic f i e ld ,
r  = *  ( i ? ^  + y * r *  * )  *,
In  th e  case o f i n te r e s t ,  th e  c ry s ta l  i s  ro ta te d  about a  /110 / a x is  th a t  
i s  perpend icu lar to  th e  Zeeman f ie ld .  Then
r  = -  3
£
(13)
where 0 i s  th e  angle between and th e  /1107  d ire c tio n .
To s in p l ify  th e  con figu ra tion  average, the  sample i s  assumed to
be a  sphere w ith the  nucleus o f in te r e s t  in  the  c en te r . Ihe sphere
has a  rad iu s  R &  0.5cm. Charge d e fec ts  a re  assumed to  occur randomly
o
throughout the  sample, w ith  th e  c lo se s t  approach d is tan ce  r^  = 2A de­
pending on which s u b la tt ic e  the  d efec t occupies.
I f  th e  d e fe c ts  a re  randomly loca ted  and s t a t i s t i c a l l y  independent, 
except th a t  no two a re  perm itted  to  occupy th e  same s i t e ,  the  proba­
b i l i t y  P o f a  given con fig u ra tio n  of d e fec ts  i s  given by a p roduct of 0
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s in g le  d e fe c t p ro b a b i l i t ie s . /V
3 .
where /P (r* ) d %n i s  th e  p ro b a b ility  o f  a  d e fec t occuring in  a volume 
element d^rn lo ca ted  a t  p o s it io n  ?n , and N i s  the  t o t a l  number o f  de­
fe c ts . The p ro b a b ility  d en sity  (? ( r  ) i s  the  same fo r  each r^ ,  namely
(?o r>  * 3 A  ,
where
i /  •, -*• / > * 33 (1i,)
i s  the  volume o f  th e  c ry s ta l .
Now the  quadrupole modulation fu n c tio n  becomes
Q(f) -§!}"'} Q M  I1 ^ ( Z )  ~ “X f S ' f ' J * Q >
where each in te g ra l  i s  over th e  volume Vq. S u b s titu tio n  of Q(t) from 
Eq. (6 ) gives
N  AJ
Q(t) - V " ///‘ ta^ +) IT, * ir«J,
Since the  d e fec ts  a re  randomly lo c a te d , each o f  the  N in te g ra ls  
in  Eq. (15) i s  id e n t ic a l  and Q (t) s im p lif ie s  to
Q(+) = [ f e * P  (-***+)  H . (16)
£
S u b s titu tio n  f o r  Aw from Eq. (11) and in te g ra tin g  over th e  angu­
l a r  p o r tio n  gives ^
i  ^ W  r 3 0  ^  J  p
&  ° ° 5  (17)\s2
where $ ^  a t / r ^  i s  th e  maximum phase s h i f t  from reasonance accumulated 
by a nucleus lo ca ted  a t  the  c lo se s t p o ss ib le  d istance  from a d e fe c t. 
S im ila rly , $ = at/R^ i s  th e  maximum phase s h i f t  fo r  a  nucleus a t  the  
cen te r o f  the  sample due to  a  d e fec t n ear the  su rface . The in te g ra tio n
11
v a ria b le  y i s  defined as
oCf
&  •
The quan tity  4>q, found from the param eters in  Eq. (12), i s  a  la rg e  
number a f te r  a  tim e on the  order of 1 psec. I f  one uses values o f a 
and Tq appropria te  fo r  GaAs, one finds
( 18)
In  c o n tra s t , a i s  a  very small number throughout the  FID, s ince  
0S / 0 O *  / ^ ~ /V 
fo r  a  sample w ith R “ 2 ran. Thus a t  the  end of a  PTD la s tin g  1 m sec.,
0^ ^  /0~'* ^  */&%) (/0~S j
In te g ra tin g  Eq. (17) by p a r ts  and using  approximations s in  A
D
= <be and cos = 1 y ie ld s
J- = [ ( 4 / 0 s ) ^ “ S  -  f
(fZ*- _
- 4 ^ ^  +  j r ^  si* 4  “ r ^ A /  CLOJ!^ ^ eS _ / .  (19)
A O 5
\s
The l a s t  term  in  Eq. (19) can be rep laced  w ith a  form o f the  F resnel 
in te g ra l  ^
¥ ( t ) ~ *o °  &  (20)
in troducing  a  sm all e r ro r .
S u b stitu tio n  fo r  Vq from Eq. (14) and re ta in in g  terms of 0(1/R^) 
o r  la rg e r  gives
t t 3c&/ = 1  + J L  £ . ( # )
' K  /?3
12
where
Gr ( $0 )  -  "  -5  ’»* co-s'
(2 1 )
F in a lly , Eq. (16) beconBS
q(t) = O  f  (-jt) G ( 4 ) ) /Vs (22)
where N i s  th e  number of d e fe c ts , ty p ic a lly  on the  order o f lO-*^. To 
conplete th e  c a lc u la tio n , l e t  N *> “ in  such a  manner th a t  th e  d e fec t 
density  Pd remains constan t:
/%( = 'v/ V  -  3 N / ^ ^ 3 -  C c i A o / .
In  th a t  l im i t ,
3 -(t) =  ( 1  ^ / ’J Cr(4) \
/>JL -=C*y,J-.
-  ex /5 [ytt  ^  g -  < ^ _ 7
A/
(23)
where
1r  ~  ~  T rK  , 1 s3 0 - (24)
For very  sho rt tim es the  F resne l in te g ra l  in  G (4 > q )  approaches the
square ro o t of i t s  argument, and o th e r  sm all angle approxim ations can
he used to  show
Thus fo r  sh o rt tim es, Q (t) approaches a  Gaussian shape. The sh o rt time
behavior i s  in fluenced  most by n u c le i w ith nearby d e fec ts  th a t  may have 
-3s ig n if ic a n t  r  d ire c t  f i e ld  g rad ie n ts . This co n sid era tio n , along with
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the  inaccuracy of th e  continuum average in  the  near region,, makes a  
l i t e r a l  in te rp re ta t io n  o f th i s  r e s u l t  i l l - a d v is e d .
At long t in e s ,  th e  F resne l in te g ra l  approaches a  co n stan t, and 
G( <j)g) becomes
(r(d0 '~£> ^  <fi0 / 4 0 ~ ~h
+ £(£■ -  Jt- JIE d y*-
S  ^  5  v  x  %  ,
(25)
The l a s t  term  f in a l ly  dominates Eq. (25), g iv ing
c o )  -r v x p ( - K +  (26)
where
k  -  / y  } r ( ‘f  / i r )  ( T * )  .  C27)
For th e  case o f  GaAs, i t  was shown in  Eq. (18) th a t  <J)q i s  la rg e  
fo r  tim es as sho rt as 1 ysec, very e a rly  in  the  FID. Experim ental 
l im ita tio n s  caused by a  la rg e  p ie z o e le c tr ic  response from the sanple  
make i t  necessary to  begin analyzing  the  d a ta  a f t e r  t  = 20 ysec, where 
tj)Q £ 5 x 10^. Thus th e  long tim e approxim ation i s  s u f f ic ie n t  to  ex­
p la in  our d a ta . T his s in p l i f ie s  the  a n a ly sis  o f  th e  d a ta , bu t a t  the  
p rice  o f  lo s s  o f in form ation  about r Q.
Combining Eqs. (2 7 ), (26), and (24), th e  quadrupole function  can 
be w ritte n  ^
(V<s*e t
Hence, re c a l l in g  Eq. (7 ) , th e  quadrupole modulated FID i s
F(f) -  o.*iP(t) + o. &?(■£) e-xpt-K’? * ' } )
(29)
where v
K  =  * * * * *  -  3 ^ e )  ■ m
In  Eq. (30), pd I s  th e  defect d e n s ity , e* i s  the  e ffe c tiv e  charge
o f  th e  d e fe c ts , and Q i s  the  quadrupole moment of th e  observed nucleus.
R-^ i s  the  constant th a t  r e la te s  th e  induced e le c t r ic  f ie ld  g rad ien ts
13to  an applied  e le c t r ic  f i e ld .
B. Comnents on S im ilar Work
The d e riv a tio n  o f  t h i s  r e s u l t  th a t  was published by Fedders rep re­
sen ts  another approach to  th e  same problem. Although more g en era l, in  
th a t  he leaves the  power law o f the  f ie ld  g rad ien t a rb i t r a ry ,  h is  work 
contains sev era l e r ro rs . The most troublesome o f these  i s  in  th e  con­
vo lu tion  s tep  equivalen t to  Eq. (2 ). As i l lu s t r a te d  in  F ig . (1 ) , the 
e ffe c tiv e  quadrupole s h i f t  i s  the  d iffe ren ce  o f  th e  in d iv id u a l s h if ts  
of two le v e ls  and hence (fo r  sp in  3/2) tw ice as la rg e  as the  ind iv idua l 
s h i f t s  them selves. The convolution must be coirpletely s ta te d  in  terms 
o f th is  frequency d iffe ren ce  to  c o rre c tly  evaluate  th e  constant K in  
Eq. (30).
1 Q
Kanert and Mehring develop a  s im ila r r e s u l t  fo r  th e  case o f w e ll- 
separated  s a t e l l i t e  t r a n s it io n s .  The la rg e  quadrupole s p l i t t in g  con­
ta in ed  in  th e i r  model makes the  mutual sp in  f l ip  terms o f the d ipo le  
ham iltonian nonsecular, and allows them to  w rite  th e  t o t a l  ro ta t in g  
frame ham iltonian, ^ , as
-  bt 3 z  +
Following th e i r  arguments fo r  sp in  3/2 n u c le i one determ ines th a t  the 
modulated FID F (t)  i s
15
F(+) = O.G ?(+) + O.H F(-h) $  ft) y
a co in c id en ta l re v e rsa l o f  th e  w eighting fu n c tio n s ap p licab le  to  our 
case (see Eq. (3 )) .  ihey so lve fo r  Q(t) w ith  th e  r ” ^ f i e ld  g rad ien ts  
app licab le  to  pure cubic io n ic  c ry s ta ls  l ik e  th e  a lk a l i  h a lid e s .
C. Extension to  Other Spins
This d e riv a tio n  may be s tra ig h tfo rw a rd ly  extended to  o th e r  values 
of n u c lea r sp in , bu t the  ex tension  does no t lend  i t s e l f  to  the  w ritin g  
o f  a  general form ula. The proper receipe  begins w ith  Eq. (3 ) ,  which 
becomes a  sum o f convolutions.
Each t o t a l  sp in  I  w i l l  give 21 in d iv id u a l t r a n s i t io n s  th a t  should 
be e x p l ic i t ly  w ritte n  out and weighted. There w i l l  be no u n sh ifted  
c e n tra l  t r a n s i t io n  fo r  in te g e r  sp in s .
In  g en e ra l, th e  magnitude o f  th e  quadrupolar s h i f t s  depends on 
m^, so d i f fe re n t  s a t e l l i t e  t r a n s i t io n s  have d if f e r e n t  n e t s h i f t s ,  each 
t r a n s i t io n  then g iv ing  r i s e  to  a  d i s t in c t  m odulation func tion . For 
in s ta n c e , in  the  case o f I  = 2 , th e  expression  equ iva len t to  Eq. (3) 
w i l l  have two convolutions w ith  d if fe re n t  Ao> but no unmodulated term .
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Figure 1. The e f fe c t  o f  each term  of th e  t o t a l  ham iltonian  on the  
energy le v e ls  o f th e  |m> s ta te s  o f a  s in g le  nucleus w ith 
sp in  3/2 a re  shown. We approximate th a t  the  only e f fe c t  
o f th e  quadrupole in te ra c tio n  i s  to  s h i f t  th e  t r a n s i t io n  
frequencies between le v e ls  broadened by d ip o la r  and e le c ­
tron-coup led  in te ra c t io n s .
QuL<*-c&r<A f>o la.r
GJL & c o
WAR Tm/»s.+»■<»f»
I I I .  EXPERIMENT
The th ree  experiments rep o rted  i n  th is  se c tio n  share the  goal o f 
adequately te s t in g  and using th e  " t ^ 2" theory . They fu r th e r  share  
th e  same b asic  experim ental apparatus and were in  la rge  p a r t  performed 
on samples cu t from the same c ry s ta l  in g o t. D espite these  common 
grounds, however, i t  i s  convenient to  describe  each experiment separ­
a te ly , emphasizing the  unique fea tu re s  o f each.
A. Thermal Damage Study
o/2
C hronologically  the f i r s t  experiment w ith th e  " t  " th eo ry , a
q
therm al damage stu d y , was o r ig in a lly  analyzed by H ester using second
o/2
moments. Ihe re -e v a lu a tio n  o f  the d a ta  using th e  " t  " theory  was 
performed w ith  th e  double in te n t  of v e rify in g  th e  theory  as an accurate  
model o f th e  quadrupole modulated FID, and developing a  s e n s it iv e  probe 
o f  c ry s ta l  de fec t concen tra tions.
The experiment consisted  o f observing the  FID follow ing a  90° r f  
p u lse , f o r  each o f  the  iso to p es  (^ G a , ^ G a , and ^ A s , a l l  sp in  3/2) 
as a  fu nc tion  of c ry s ta l  o r ie n ta t io n  in  the  Zeeman f i e ld .  Each FID was 
recorded as 1024 s ig n a l averaged p o in ts , ty p ic a l ly  800 nsec a p a r t .
The sanples were a ligned  in  a  c y lin d r ic a l  NMR probe w ith a  / l i o /  
ax is  p a r a l l e l  to  th e  c y lin d r ic a l  probe a x is , which was in  tu rn  perpen­
d ic u la r  to  the  Zeeman f ie ld .  Since a l l  of the  major c ry s ta l  symmetry 
axes ( /0 0 l7 , / I lO / ,  and /T ll7 )  l i e  in  th e  (110) p lan e , i t  was p o ss ib le
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to  b rin g  each o f them p a r a l le l  to  th e  Zeeman f i e ld  by ro ta t in g  the sam­
p le  probe. Observation o f th e  broad, f l a t  topped decay c h a ra c te r is t ic  
of th e  /0 0 l7  d ire c tio n  was used to  s e t  the  p ro b e 's  angular p o in te r so 
th a t  the  /OOl/ d ire c tio n  corresponded to  90°. V aria tions o f th is  
o r ie n ta tio n  technique were used fo r a l l  th ree  experiments repo rted  here .
Most experim ental sanples were sem i-in su la tin g  n-type sin g le  crys­
t a l s  cut from a  s in g le  undoped in g o t, boat-grown by the Monsanto Com­
pany. The ingo t p ro p ertie s  measured by the m anufacturer were: r e s i s ­
t i v i t y ,  1.34 x It)** ohm-cm; c a r r ie r  co n cen tra tio n , 2.4 x lO11 cnf^;
■p 2 - 1 - 1e le c tro n  n o b il i ty ,  2 .7  x 10 cm v o lt  sec ; and e tch  p i t  density
1 4 -24.2 x 10 cm .
An n-type s i l ic o n  doped c ry s ta l was a lso  s tu d ied  in  hopes of 
matching i t s  known c a r r ie r  concen tra tion  w ith th e  defect density  mea­
sured by NMR. The m anufacturer, E lec tro n ics  M aterials Corp. , gave i t s  
p ro p e rtie s  as: r e s i s t iv i t y ,  3 x 10“^ ohm-cm; c a r r ie r  concentra tion ,
1 & *3 *5 P 14 x 10 c m ,  e lec tro n  m ob ility , 5 x  10 cm v o lt” sec ; and e tch
. 4 - 2p i t  density  8 x 10 cm .
The undoped sanples were studied before and a f t e r  therm al damage
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was done using the  quenching method o f  P o tts  and Pearson. Sealed in  
evacuated Vycor v e sse ls , th e  sanples were held  a t  con tro lled  high tem­
p era tu res  fo r  24 hours and then rap id ly  cooled by removing them from 
the oven. A ll d a ta  were taken a t room tem perature.
The theory in  i t s  sim plest form perm its comparison of the  PID of 
a  damaged c ry s ta l ,  D(t) ,  t o  the PID o f  a  p e rfe c t o r v irg in  c ry s ta l ,  
V ( t ) ,
D ( f )  = V ( t )  / 9 ' £ o . V  +  0 . 6
(32)
where K = K(P^, 0 ) and A' i s  a  norm alization fa c to r .
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In  p ra c tic e  the  FID o f  the  undamaged c ry s ta l ,  U ( t ) ,  re ta in e d  a 
s ig n if ic a n t  quadrupole co n trib u tio n  due to  th e  n a tiv e  d e fec t popu la tion , 
Pq . Thus, comparison o f th e  lab o ra to ry  s ig n a ls  D(t) and U(t) req u ired  
so lv ing  two equations sim ultaneously  to  e lim ina te  V ( t ). Then
v •/ O.G K+*'*) J
/)(+*) -  U.(t) (33)
*i + 0 ‘ (> e*yo (  ~K0 ^  J J
where KQ i s  p ro p o rtio n a l to  the  n a tiv e  d e fec t d en s ity .
Using a  th ree-param eter le a s t-sq u a re s  f i t  o f  Eq. (33) which could 
a d ju s t A, K, and K^, we matched th e  FID 's from damaged c ry s ta l s ,  D ( t ) ,  
to  FID 's from undamaged sanples a t  the  same o r ie n ta t io n . Ihe f i t  
va lues o f K and y ie ld ed  defec t d e n s it ie s  o f the  damaged and undamaged 
c ry s ta ls  sim ultaneously . Ihe f i t s  c o n s is te n tly  gave d e fec t d e n s itie s  
o f the  undamaged c ry s ta ls  o f  pq = 5 .2  x 1 0 ^  c n f ^ .
This value o f PQ was adopted as a  s tan d ard , and th e  a n a ly s is  was 
repeated  using  a two param eter f i t t i n g  ro u tin e  which could a d ju s t only 
the  no rm aliza tion , A, and the  damaged c ry s ta l  d e fec t d ensity  v ia  K. No 
appreciab le  in crease  in  x2 was caused by freez in g  the  th i rd  param eter, 
Kq .
The two i l lu s t r a t io n s  in  F ig . (2) a re  saiTples o f th i s  comparison 
process and a re  ty p ic a l  o f the  q u a lity  o f f i t t i n g  w ith  Eq. (33). In 
F ig . (2a) the  d is t in c t ly  d i f fe re n t  FTDs from damaged and undamagad 
c ry s ta ls  are  p lo tte d  to g e th e r  w ithout m odifica tion . The undamagsd 
c ry s ta l  s ig n a l in  Fig. (2b) i s  m u ltip lie d  by the  f i t  values o f the  
modulation term  in  Eq. (33) to  match i t  to  the  damaged c ry s ta l  s ig n a l.
The angular dependence o f the  f i t  co n stan t, K, shown in  Eq. (30), 
provides a second check on th e  v a l id i ty  o f th e  theo ry . A le a s t-sq u a re s  
f i t  o f  the  values o f K as a  fu n c tio n  o f angle ( i l l u s t r a t e d  in  F ig . 3)
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Figure 2. ( a . )  ^G a HD from an undamaged c ry s ta l  w ith  the Zeeman
f ie ld  p a r a l le l  to  the  /1107  d ire c tio n  ( la b e lle d  UNDAM) i s
71 ___
compared w ith the  Ga FID from th e  sane o r ie n ta tio n  o f a 
sample quenched from 600°C (lab e lle d  QUENCH).
(b.)  S im ilar to  p a rt (a) except the  undamaged d a ta  has 
been modulated by the  use o f Eq. (33).
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Figure 3* The angular v a r ia tio n  of th e  experim ental f i t  param eter K 
i s  compared to  th e  th e o re tic a l  o r ie n ta tio n  dependence from 
Eq. (30) (so lid  l in e ) .  The da ta  p o in ts  were derived  from 
^G a  FIDs o f a  c ry s ta l  quenched from 600°C.
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was used to  c a lc u la te  an average value fo r  th e  d e fe c t d e n s ity  o f th e  
damaged c ry s ta ls .  These values of d e fe c t d en sity  a re  l i s t e d  in  Table I .
In  c a lc u la tin g  from K we have used th e  e le c tro n ic  charge e fo r  
th e  e f fe c t iv e  charge e* . J u s t i f i c a t io n  fo r  t h i s  value i s  g iven  by 
H ester.^
In  th e  sem i-in su la tin g  c r y s ta l s ,  conduction e lec tro n  sh ie ld in g  o f 
the  p o in t d e fec ts  i s  no t s ig n if ic a n t .  Sh ie ld ing  due to  th e  d ie le c t r ic  
constan t o f  th e  medium i s  included in  th e  measured value o f  R-^ • An
e x tra  f a c to r  o f e was erroneously  included in  th e  c a lc u la tio n s  in  H ester, 
e t  a l .^
There i s  approxim ately 10% u n ce rta in ty  in  th e  measured d e fe c t den­
s i t i e s  due to  the  standard  d ev ia tio n  o f  the  values of K a s  a  function  
o f ang le . This probable e r ro r  does not include e r ro r  in  th e  q u a n ti t ie s  
th a t  r e l a te  K to  Pd , such as R-^ and Q. The product QR^zj, measured by 
G il l  and B loem bergen,^ c o n trib u te s  a  probable e r ro r  of 30% to  the  ab­
so lu te  value of our measured p^.
B. Electron-Coupled In te ra c tio n s
This experiment used th e  " t ^ / 2" theory fo r  an a ly sis  o f only one 
(GaAs) o f  th e  two (GaP and GaAs) m ate ria ls  in  which the e le c tro n -  
coupled exchange and pseudodipolar in te ra c tio n s  were measured. Stan­
dard measurements o f FUDs were made in  GaP to  provide a d d itio n a l d a ta  
fo r  comparison to  bond o r b i ta l  model p re d ic tio n s .
Pseudodipolar and exchange measurements in  GaAs are  co n p lica ted  by 
th e  quadrupolar sp in  3/2  p roperty  o f a l l  the  resonant n u c lea r species. 
Since th ese  in te ra c tio n  s tren g th s  a re  measured using  the moments o f 
the  NMR l in e ,  the  d e fe c t induced quadrupolar p o r tio n  of th e  experim ental
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Table I .  D efect d e n s it ie s  o f  the  experim ental c ry s ta ls  as measured by 
th e  " t ^ / 2'1 th eo ry .
Quench total*3 therm al0
Sample3- Ttenp (CP) Isotope (xl0-*-5cm“ 3) (xlO^cm”
m 500 69Ga
71Ga
.71 .19
75As .82 .30
M2 550 69Ga 1.0 .48
7-*-Ga 1.4 .88
75as .88 .36
M3 600 69Ga 1 .3 .78
71Ga 1 .8 1.3
75As .86 .34
M7 600 69Ga 1.7 1.0
71Ga 2.3 1.6
75as 1 .3 .58
M5 700 69Ga 1 .6 1 .1
71Ga 1.7 1.2
75as 1.2 .68
EMC2 S i doped 69Ga 1.6 N/A
71Ga 2.0 N/A
75as 1.5 N/A
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FOOTNOTES FOR TABLE I
a . For exanple, W designates c ry s ta l  7 from an ingot manufactured by 
Monsanto. These c ry s ta ls  were measured before and a f te r  damage was- 
in troduced by rap id ly  quenching them from the tem perature l i s t e d  in  
th e  second column. EMC re fe r s  to  E lec tro n ics  M aterial Corporation.
b . Pd t o t a l  i s  th e  d e fec t d ensity  measured using  Eq. (33).
c . therm al = P<j t o t a l  -  Pq i s  th e  defec t d ensity  due to  damaging. 
Note c ry s ta l  M7 was damaged to  500°C, then  to  600°C.
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moment must be accu ra te ly  accounted fo r  using  very high p u r ity  sin g le  
c ry s ta ls  i t  i s  p o ss ib le  to  reduce th e  quadrupolar con tribu tion  to  the  
decay shape to  the  p o in t th a t  a  su b trac tiv e  comparison scheme can be
Q
used to  derive the  d esired  inform ation.
Since th e  su b trac tio n  of s im ila r-s iz e d  con tribu tions magnifies 
the  rem aining e r ro r ,  i t  i s  d esirab le  to  avoid th is  process and e lim ina te  
quadrupolar con trib u tio n s before FID moments a re  measured. Ihe " t ^ ^ ’1 
theo ry , as expressed in  Eq. (29) provides ju s t  th is  opportunity .
Knowing the  defec t density  o f  a  sample from the therm al comparison 
s tu d ies  based on th is  theory i t  i s  easy to  in v e r t the  re la t io n  and 
syn thesize  p e rfe c t c ry s ta l  d a ta  w ith no quadrupolar con tribu tion  to  th e  
FID shape.
So, th e  labora to ry  p o rtio n  o f th is  experiment consisted  o f measur­
ing  the FIDs follow ing a  90° pulse  fo r  sev era l o rien ta tio n s  o f the  GaP 
and GaAs c ry s ta ls  in  th e  Zeeman f ie ld .  The d a ta  from GaP were taken 
a t  25.073 MHZ in stead  o f th e  14.4 MHZ used fo r  GaAs in  o rder to  improve 
th e i r  s ig n a l- to -n o ise  r a t io .
Ihe GaP sanp le , 1 .5  cm by 0 . 6  cm by 0 . 2  cm, was cu t from a s u lfu r  
doped (100) face wafer manufactured by Asarco In te rm e ta ll ie s , Inc. A 
He-Ne la s e r  re f le c te d  from a (110) cleavage plane was used to  a lig n  the 
c ry s ta l  in  the  c y lin d r ic a l probe. Five hundred FIDs, repeated  a t  seven 
second in te rv a ls ,  were s ig n a l averaged fo r  each o f  th e  six teen  o rien ­
ta tio n s  used. The h igh ly  doped c ry s ta l  d id  not ex h ib it any of the  
p ie z o e le c tr ic  response th a t  troub led  our experiments w ith  high p u r ity  
GaAs.
Although th ere  are  th ree  magnetic nuc lear species in  GaP; 3 lp s 
^ G a , and ^ G a , only th e  spin 1/2 31p resonance was used. The FIDs
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from th e  two sp in  3/2  ga llium  iso topes were modulated by the  la rg e  un­
c a lib ra te d  defect-induced  quadrupole in te ra c t io n  o f  th e  sanple c ry s ta l  
and could no t be q u a n ti ta t iv e ly  analyzed.
L e a s t-sq u a re s -f i ts  o f  th e  th ree-param eter A b r a g a m ^  function  and a
q
five-param eter function  due to  H ester were used to  ex tra p o la te  th e
FIDs back to  zero  time in  o rd e r  to  derive  th e  second moments.
E x trac tio n  o f th e  in te ra c t io n  sc a lin g  constan ts from these  moments
req u ire d  c a re fu l an a ly sis  o f  th e  na tu re  o f  t h e i r  r e la t iv e  co n trib u tio n s .
D efining th e  resonant n u c le i as th e  I  sp in s and th e  non-resonant
sp ec ies  as the  S sp in s , one can ob tain  th e  expression  fo r  th e  NMR second 
1 iimoment
< * « • >  = 3 * 7 * 1 ) ^ * ' - £  f r i
+ j-s(s>-i)x*tx£  ^
where B ^  i s  th e  pseudodipolar coupling constan t fo r  l ik e  n u c le i;  
i s  th e  pseudodipolar coupling constant fo r  un like  n u c le i;  a ^  i s  th e  
un lik e  exchange constan t; P g ^ o s e ^ )  = 1 /2 (3  c o s^ e ^ j- i) , and i s  the  
angle between th e  in te m u c le a r  ax is and th e  Zeeman f i e ld  d ire c tio n .
The rap id  decrease o f  th e  e lec tron -coup led  in te ra c tio n s  w ith in ­
c re a s in g  in te r -n u c le a r  d is tan c e  allows us to  s e t  B^j “ 0 , i . e . ,  th e  
l ik e  nuclear pseudodipolar in te ra c t io n  co n trib u te s  n e g lig ib ly  to  the  
second moment.
A/
For the  same reasons, one can make th e  approximations B^j = B ^  and 
= a ^  fo r  th e  near neighbors only , and s e t  and a ^  equal to  
zero  o therw ise. These approxim ations allow  one to  w rite  Eq. (3*0 as
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< a « * > =  S x p r + l ) ^ 2 -  % ( f f a e j / r j  )  ■ + '
«y
+  % s(s+ i)ts^  Z ' lP ^ c t^ / r J )  •+
J
* %  S ( s ^ )  ^  (t  + e j 2 > / ( ^ ) A / )  <35)
/w
/V/V A*j 
/Y/V y y
where Ej i s  th e  sum over the  s im ila r  s u b la tt ic e  (resonant sp in s) of 
th e  zinc blende s t ru c tu re ,  Ej i s  th e  sum over th e  non-resonant su b la t­
t i c e ,  and E „ i s  th e  sum over th e  fo u r near neighbors.NN
The f u l l  l a t t i c e  sums can be ca lcu la ted  in  term s o f  th e  d ire c tio n  
cosines o f th e  Zeeman f i e ld  in  th e  c ry s ta l  co o rd in a tes . In  our experi­
m ents, the  Zeeman f i e ld  was ro ta te d  in  th e  (110) p lane . D efining an 
angle $ between the  /H 0 7  d ire c tio n  and th e  f i e l d ,  th e  d ip o la r  sums 
can be w ritte n  in  the  general form
( 3 6 )
J
where
F(<p) -
c
For the  resonan t (s im ila r)  sub l a t t i c e ,  Sundfors conputed a  =
256aQ~ and b = - l l 8ag where i s  th e  l a t t i c e  co n stan t. He evalu­
a ted  the  non-resonant (un like) s u b la tt ic e  constan ts as a ' = 2491a0“ ^ 
and b* = - 2390a0“^.
The near neighbor s i t e  sums can be s tra ig h tfo rw ard ly  evaluated  fo r  
ro ta t io n  in  th e  (110) p lane
% -  z W i / r 0
/V/V J
where Tq  = /3ag/4 i s  th e  near neighbor d is tan c e .
(37)
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F in a lly , by d e fin in g  B* = B ^ (2  + Bj^) one ob ta in s an equation fo r  
th e  angular dependence o f th e  second moments,
(38)
where th e  constan ts  a , $, <5, and e depend on th e  nucleus and conpound 
o f  in te r e s t .  Values o f th ese  c o n stan ts , fo r  each o f  th e  nuc lear species 
observed, are  l i s t e d  in  Table I I .
The nuc lear exchange c o e ff ic ie n t re and pseudodipolar c o e f f ic ie n t 
may be determ ined r e la t iv e  to  the  s tren g th  o f  th e  d i r e c t  d ip o le - 
d ipo le  in te ra c t io n , given by ^  . In  terms o f Eq. (38)
these  c o e f f ic ie n ts  a re  defined  by
The experim ental second moments a re  f i t  to  an equation  o f  the  form
Best f i t  values o f C and D a re  l i s t e d  in  Table I I I .
The c o e ff ic ie n ts  and re were ca lcu la ted  using  Table I I I  and Eqs.
(39)* The values o f  th e  c o e ff ic ie n ts  from th is  experim ent, some p re ­
vious v a lu e s , and th e o re t ic a l  values a re  given in  Table IV.
The p r in c ip a l  d i f f ic u l ty  in  experiments l ik e  th is  one i s  the  mag­
n if ic a t io n  o f  e rro rs  induced by a su b trac tio n  p rocess . For example,
the second moment c o n trib u tio n  from un like  exchange in  Ga^P i s  only
2 2 .05 G , which must be separa ted  from th e  r e la t iv e ly  la rg e r  ( .33G )
iso to p ic  p o rtio n  o f  the  d ip o la r  second moment. The e rro rs  s ta te d  fo r
the  c o e ff ic ie n ts  rg and r ^ in  Table IV are  th o se  propagated through
the c a lcu la tio n s  s ta r t in g  from the rms dev ia tions in  C and D.
(39)
and
p
<H > = C + Df(<f>), and th e  in te ra c tio n  constants are found using Eq. (36).
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TABLE I I
Isotope a S 6 e
Ga^P .3303 2.962 X 1 0 ^ 3.413 3.300
69GaAs .2869 9.046 X lO1* 1.275 1.084
71GaAs .2930 9.046 X ioli} 1.280 1.084
Ga75As .249 2.211 x 1015 2.728 2.651
Table I I  Constants defined  in  Eq. 38 and used to  solve fo r  th e  pseu­
dodipolar and exchange coupling c o e ff ic ie n ts  from the  
second moment d a ta .
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Isotope
TABLE I I I  
C D
Ga31P .361+.006 2.24±.01
69GaAs . 64+. 01 .24±.02
^GaAs (m3) .6l6±.003 .344+.008
^GaAs(m7) .565±.002 .36l±.005
Ga^As .73±.01 .62±.02
Table I I I  Experimental values obtained by f i t t i n g  second moments to  
<H^ > = C + D f  (<f>). The m3 and mT su ffix es on ^G a in d ic a te  
values derived  from Monsanto c ry s ta ls  number 3 and 7 (see 
Ref. 9)
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C. Gamma R adiation Damage
3/2This f in a l  experiment w ith  th e  " t  11 theory  sought to  e s ta b l is h  
th e  o v e ra ll  c r e d ib i l i ty  o f  NMR measurements o f  d e fec t d e n s i t ie s .  Gamma 
ir r a d ia t io n  was chosen as the  damage mechanism because i t  i s  easy to  
produce equal in c reases  in  th e  d e fe c t d ensity  by exposing th e  sample to  
equal numbers o f photons. F u rth e r , the  ex tensive  l i t e r a tu r e  a sso c ia ted  
w ith ra d ia tio n  damage provides independent th e o r ie s  and experim ents to  
compare w ith  the abso lu te  magnitudes o f  th e  NMR r e s u l t s .
Data fo r  th i s  experiment c o n s is t o f  FIDs from a  GaAs s in g le  c ry s ta l  
cut from the  Monsanto ingo t (See Section I I I .  A.) and recorded as a  
fu n c tio n  o f c ry s ta l  o r ie n ta t io n  in  the  Zeeman f i e ld .  Ihe FIDs were r e ­
corded w ith  a  novel two pu lse  sequence to  reduce th e  p ie z o e le c tr ic  d is ­
to r t io n  o f th e  f i r s t  few microseconds.
Ihe sample was o rien ted  w ith  i t s  /1 1 0 / ax is  perpend icu lar to  the  
Zeeman f i e ld  in  th e  p rev iously  described  manner and FIDs were recorded 
fo r  ro ta t io n s  about th a t  a x is . Ihe decays were measured before  and 
a f t e r  each o f  two approxim ately equal gamma ray  exposures.
The gamma ray exposures were performed a t  th e  NRL ^C o  pool w ith
ifthe  sample loca ted  a t  a  p o in t where the  c a lib ra te d  f lu x  was 2.5 x 10
R/min. Care was taken to  p o s it io n  the  sample so th a t  th e  photon f lu x
was uniform over th e  c ry s ta l .  On two occasions, th e  sample was exposed
to  is o tro p ic  photon fluences o f  1 .4 l  x 1 0 ^  cmT  ^ and 1.31 x 1 0 ^  cm"^,
re sp e c tiv e ly . These fluences were chosen on th e  b a s is  o f th e  c a r r ie r
20removal r a te  d a ta  o f  B ra ilo v sk ii and Konozenko, to  produce d e fec t
l4  —3d en sity  in creases o f  approxim ately 2 x 10 cm Such a  change should
be e a s i ly  measurable bu t keeps th e  to ta l  d en sity  below th a t  which ap -
21p a re n tly  sa tu ra te s  th e  NMR d e te c tio n  technique.
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The pulsed  NMR spectrom eter was again  tuned to  25 MHZ fo r  inproved 
s ig n a l- to -n o ise  r a t i o .  F u rther no ise  r e je c t io n  was achieved through 
the  use o f  a  s in g le  sideband mixer a f t e r  the  p re a n p l if ie r  to  heterodyne 
from the  resonance frequency to  th e  IF  frequency o f 30 MHZ. This modi­
f ic a t io n ,  more com pletely described  in  th e  equipment s e c tio n , was 
p a r t ic u la r ly  h e lp fu l in  reducing th e  b ea t s ig n a ls  from spurious har­
monics generated in  th e  spectrom eter. At 25 MHZ th e  20 kG maximum
71f i e ld  o f our magnet lim ite d  th is  study to  th e  Ga resonance.
In  most pulsed  NMR experiments th e  in fo rm a tio n -rich  f i r s t  few m icro­
seconds o f  th e  FID a re  o f  paramount im portance, and g rea t care  i s  taken 
to  minimize e le c tro n ic  ring-down a f t e r  the  n u ta tio n  p u lse . In  a  s ta n ­
dard 90° pu lse  experiment th e  p ie z o e le c tr ic  response o f  h igh  p u rity  
GaAs In p a r ts  an o s c i l la t in g  d is to r t io n  o f the  decay th a t  l a s t s  long 
a f t e r  th e  e le c tro n ic  recovery tim e. Previous methods of d ea lin g  w ith 
th is  problem include  the  in s e r tio n  o f Faraday sh ie ld s  and viscous 
danping f lu id s  between the  sample and the  pickup c o i l .  These approaches, 
however, reduce th e  f i l l i n g  fa c to r  and p resen t a host o f  tu n in g , high 
vo ltage  breakdown, and alignment d i f f i c u l t i e s .
P ie z o e le c tr ic  no ise  reduction  fo r  FIDs used in  th i s  experiment was 
acconplished w ith  a  two pu lse  sequence to  d ir e c t ly  cancel th a t  noise  
conponent in  a  d ig i t a l  s ig n a l averager. The technique r e l i e s  on th e  
fa c t  th a t  th e  p ie z o e le c tr ic  s ig n a l observed using  a  phase se n s it iv e  
d e te c to r  i s  no t a  fu n c tio n  o f th e  observed m agnetization , bu t i s  coher­
ent w ith  the  phase o f  th e  d riv in g  r f .  That i s ,  changing th e  phase o f  
the  r f  pu lse  by 180° produces an in v e rted  p ie z o e le c tr ic  response in  
th e  d e te c to r , independent o f  the  n e t m agnetization and hence th e  FID 
anp litude  follow ing th e  p u lse .
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In  th e  noise reduction  scheme i l lu s t r a te d  in  Fig. the  FID occurs 
a f te r  a  r f  pulse w ith  a  leng th  s l ig h tly  g re a te r  than th a t  needed to  
t ip  th e  m agnetization 90°. In  add ition  to  generating  a  tran sverse  
m agnetization th i s  pulse a lso  c rea te s  a sm all negative lo n g itu d in a l 
m agnetization th a t  gpes through zero as the  sp ins re tu rn  to  th e ir  equi­
lib rium  d is tr ib u t io n . I f  th e  i n i t i a l  pu lse  length  i s  properly  chosen, 
a  second pulse o f th e  same du ra tion  may be app lied  l a t e r  a t  a  t in e  
equal to  severa l tim es T2, when th ere  i s  no ne t m agnetization in  th e  
sample. I f  th is  second pulse I s  phase sh if te d  by 180° w ith resp ec t to  
the f i r s t ,  the response th a t follow s i t  w i l l  be due only to  the in v e r t­
ed p ie z o e le c tr ic  s ig n a l. I f  a  d ig i ta l  s ig n a l averager i s  tr ig g e red  a t  
the  same time w ith  respec t to  each pu lse , th e  sum cancels the p iezo­
e le c t r ic  con tribu tion  and leaves the  FID unchanged.
Ihe two pu lses must be separa ted  by se v e ra l T2 's  in  time in  o rder 
to  prevent echo phenomena. I f  T1» T 2, then th e  n u ta tio n  angle needs 
to  be only s l ig h t ly  la rg e r  than  90° to  e s ta b lis h  zero z -ax is  magnetiza­
tio n  a t  the  time o f the second pu lse . In  t h i s  experiment the pulses 
were approxim ately 95° n u ta tio n s , separated  by 40 ms, about 200 x T2 . 
Two FIDs taken w ith  and w ithout the  technique are superinposed fo r  
conparison in  F ig . 5.
The long tim e portions o f th e  two FIDs a re  id e n tic a l ,  but the  de­
cay from the two pulse sequence has s ig n if ic a n tly  reduced short time 
d is to r t io n . The sm all remaining shake i s  caused by p ie z o e le c tr ic  con­
tr ib u tio n s  w ithout the  necessary r f  phase coherence.
Although circumventing th e  experim ental d i f f ic u l t ie s  o f standard  
p ie z o e le c tr ic  no ise  reduction  schemes, and increasing  th e  p o te n tia l  
c o il  f i l l  f a c to r , the  e x tra  ad d itio n  requ ired  by th is  technique does
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Figure 4 The two r f  pu lses of th e  p ie z o e le c tr ic  d is to r t io n  reducing  
sequence a re  sketched as a  function  o f tiire  w ith  the  ob­
served s ig n a ls  and lo n g itu d in a l m agnetization.
I
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PI ( 0 ° PHASE) PI (160° PHASE)'1 ----- i
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Figure 5. (a .)  ^1Ga FIDs taken w ith a  sin g le  90° pulse and the
sp e c ia l two pu lse  sequence are p lo tte d  on th e  same axes fo r 
lineshape comparison.
(b .) The FID o f p a rt (a .)  during the f i r s t  few microseconds 
i s  enlarged to  demonstrate p ie z o e le c tr ic  noise reduction .
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reduce the  o v e ra ll  s ig n a l- to -n o ise  r a t io  by /2 . Puthermore , i t  demands 
ca re fu l adjustm ent o f th e  pulse  length  and s ta b le  r f  and dc magnetic 
f ie ld s .
Each FID was recorded as 1024 sig n a l averaged p o in ts  taken 800 nsec 
apart and was tra n s fe rre d  by magnetic tape to  an IBM Model 370/145 
Computer fo r  num erical an a ly s is . Since th e  na tive  defect density  of 
the  undamaged c ry s ta l  was known from the therm al study , i t  was possib le  
to  measure th e  rad ia tion -induced  defect density  increase  using the  p re­
viously  described two param eter version  o f the  theory . Ihe
measured defec t d e n s itie s  are  averaged over about 8 c ry s ta l  o r ie n ta ­
tio n s  in  o rder to  improve the accuracy. The re s u l ts  of th is  analysis 
are  shown in  Table V. U ncerta in ties were ca lcu la ted  from th e  standard 
dev ia tion  o f the  f i t  constant K(<j>) to  the  angular dependence o f  Eq.
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T ota l
Defect Density
TABIE V
Gamma
Flux
Change In 
D efect Density
(5 .2± .5) x 10lZ<cn r3
(7.8± ,9) x lO ^ c n f3
(10.6+.6) x lO ^cm  3
1.41 x 10l6 cnf2
1.31 x 10l6 cm“2
(2.6+1.0) x lO ^cirT3
(2.8±1.1) x lO ^cm "3
Experimental R esu lts : Measured Increases in  d e fe c t density  a re  l i s te d
w ith  th e  garrma f lu x  th a t  produced them.
IV. EQUIPMENT
Three p ieces o f new equipment were added to  th e  e x is tin g  sp e c tre ­
'll}
meter In  the  course o f th is  research . They were: a  tunable probe
based on a  v a ria b le  vacuum cap ac ito r; a  so lid  s ta te ,  sing le  s id e  band 
(SSB) re c e iv e r; and an in teg ra te -and-ho ld  (IH) inpu t stage fo r  th e  sys­
tem a n a lo g -to -d ig ita l (A/D) converter.
Experimental convenience was the  m otivating fa c to r  in  the  design 
o f the  tunable sample probe. Since th e  spectrom eter uses a network o f 
q u a rte r  and half-wave cables to  couple the  rec e iv e r and tra n s m itte r , 
the  probe must be p e rfe c tly  matched a t th e  operating  frequency to  the 
purely  r e s is t iv e  c h a ra c te r is t ic  impedance o f the cab le . S lig h t mis­
matches in  e i th e r  the magnitude or phase o f  the probe inpedance degrade 
the  s ig ia l- to -n o is e  r a t io  and the  recovery time a f t e r  the p u lse . Pre­
vious probes were constructed  as se r ie s  o r p a ra l le l  resonant combina­
tio n s  o f fixed  c o ils  and c ap ac ito rs , and o ften  requ ired  days o f  "cu t-  
and-try" w iring  to  s a t is f a c to r i ly  t a i l o r  th e  probe to  each new sample. 
The variab le  capacito r u n it described below reduces sample change tin e  
to  a  few hours a t  most.
Ihe l a t t e r  item s, th e  new rec e iv e r and the in teg ra te -an d -h o ld , 
were b u i l t  in  attem pts to  Improve the o v e ra ll  s ig n a l-to -n o ise  r a t i o  of 
th e  spectrom eter. Although d ig i ta l  s ig n a l averaging perm its one to  
a t ta in  ex ce llen t f in a l  d a ta  from the average of many noisy experim ents, 
th e  o v e ra ll s ig n a l- to -n o ise  r a t io  only improves as the  square ro o t o f
the  nuirber o f averaged experiments. So, conversely, improving the s in ­
gle experiment S/N r a t io  by th re e  reduces th e  t in e  necessary to  s ig n a l 
average th e  same f in a l  s ig n a l-to -n o ise  r a t i o  by n ine. Since physical 
co n sid era tio n s, l ik e  magnetic f i e ld  in s t a b i l i ty ,  l im it  the  time a v a il­
able fo r  rep ea tin g  a  given experiment to  an hour o r  so , i t  i s  p a rtic u ­
la r ly  im portant to  s tr iv e  fo r  th e  best s in g le  experiment s ig n a l. The 
devices described  in  sections (B) and (C) were designed w ith th is  goal 
in  mind.
A. Tunable Probe
The s in g le  c o i l  probe i l lu s t r a te d  in  P ig . (6) was designed to  
f a c i l i t a t e  sample tun ing  and alignment. The Jennings v a riab le  vacuum 
capac ito r (ra ted  a t  lOkv) perm its tun ing  th e  probe to  exact s e r ie s  r e s ­
onance w ithout p u llin g  turns from the c o i l  o r b u ild in g  cumbersome 
s e r ie s -p a r a l le l  combinations o f  fixed ceramic cap ac ito rs . A sin g le  
fixed  cap ac ito r can be placed in  se rie s  w ith  the v a riab le  u n it to  
change th e  tun ing  range fo r h igh  frequency s tu d ies .
The sample c o i l  i s  housed in  the end o f  the  c y lin d r ic a l t i p  o f the  
probe where i t  i s  grounded to  one of fou r tinned copper supporting rods. 
An a x ia l  1/4" hole in  the end o f the sample chamber perm its the  user to  
r e f le c t  a  la s e r  beam from a cleaved o r ground face on the  c ry s ta l  sam­
p le  and thereby accura te ly  o r ie n t  i t  in  th e  magnetic f ie ld .
This geometry has the a d d itio n a l advantage o f  p lac in g  the  m ildly 
ferrom agnetic leads of ty p ic a l  high vo ltage  fixed capacito rs  as fa r  as 
poss ib le  from the sample. To fu r th e r  improve f i e ld  homogeneity the 
s ta in le s s  s te e l  d rive  mechanism in  the vacuum cap ac ito r was replaced 
by b ra ss .
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Figure 6. The tunable sample probe i s  sketched w ith  the  c y lin d r ic a l 
aluminum covers removed to  show the  in te r io r .
i
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B. Receiver
Ihe  s in g le  side  band rece iv e r i l l u s t r a te d  in  block form in  P ig .
(7) uses transfo rm er in p u t w ith th e  secondary winding tuned  to  th e  op­
e ra t in g  frequency by f ix e d  c ap a c ito rs . Since i t  i s  th e  only tuned e le ­
ment o f the  re c e iv e r , th e  transform er i s  mounted in  i t s  own aluminum 
box ou tside  th e  re c e iv e r  chassis to  f a c i l i t a t e  frequency changes. In ­
d iv id u a l transform ers were wound on ceramic forms fo r  each of th e  com­
monly used opera ting  frequencies and impedances.
I n i t i a l  a m p lific a tio n  i s  provided by a broadband s o l id  s ta te  p re ­
a m p lif ie r , In te rn a tio n a l  Microwave Corp. Model 530AS A, which o f fe rs  
h ig h  gain  and s t a b i l i t y .  I t s  ou tpu t passes through a  sim ple mixer 
where i t  i s  ga ted  by a  dc b lanking pulse  derived  from th e  spectrom eter's  
p u lse  programmer. Ih is  pulse  b locks the s ig n a l  path when the  tran sm it­
t e r  i s  on and preven ts s a tu ra tio n  o f the follow ing a m p lifie r  and de­
t e c to r  c i r c u i t s .
The s ig n a l i s  heterodyned to  th e  30 MHZ frequency o f  the  system  IP
a m p lif ie r  in  th e  s in g le  s ide  band mixer o u tlin e d  in  th e  block diagram.
Made e n t i r e ly  o f  commercial modular components, th is  u n i t  suppresses
m ixing products a t a l l  b u t the  in term ediate  frequency, and p resen ts  a
rniuch purer s ig n a l to  th e  unmodified system IP  am p lifie r .
Ih is  arrangement provides b e t t e r  gain s t a b i l i ty  th an  was p o ss ib le
w ith  previous re c e iv e r  co n fig u ra tio n s , and permLts easy frequency
"31changes. P a r t ic u la r ly  im portant fo r  the  25 MHZ observations o f  J  P and 
'^ 1Ga made as a  p a rt o f  th i s  s tudy , the  sp e c tra l  p u r ity  o f  the SSB ou t­
p u t g rea tly  reduces th e  spurious no ise  components p rev iously  observed 
a t  opera ting  frequencies th a t a re  m u ltip les o f  the  5 , 10, and 15 MHZ 
spectrom eter in te rn a l  s ig n a ls .
Figure 7. Block diagram o f  the s in g le  side band rece iv e r.
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C. In tegrate-and-H old
Hie in teg ra te -an d -h o ld  c ir c u i t  sketched  in  F ig . (8a) optim izes the 
spectrom eter bandwidth w ith  respec t to  th e  d ig i ta l  sanpling  r a te .
A fte r each sample command from the d a ta  a c q u is itio n  system i t  produces 
a  dc voltage a t  th e  spectrom eter A/D converter th a t  i s  p ro p o rtio n a l to  
th e  in te g ra l  o f  th e  FID s in c e  the l a s t  sample. In te rn a l  lo g ic  then 
t r i gger s  the A/D converter and rap id ly  c le a rs  th e  In te g ra to r . The de­
v ice  e f fe c t iv e ly  e lim in a tes  s ig n a l co n trib u tio n s  a t  frequencies g re a te r  
th an  h a lf  o f th e  sanpling  r a t e  and p reven ts "fo ld -over" n o ise . Unlike 
cumbers one R-C f i l t e r s ,  th e  in te g ra te  c i r c u i t  p rov ides a  c u to ff  f r e ­
quency which i s  e a s ily  changed by a d ju s tin g  the in te g ra te  tim e.
23The b asic  in te g ra to r  i s  derived from a c ir c u i t  by Gibby. A buf­
f e r  am p lifie r i s  added to  provide v a r ia b le  gain and dc o f f s e t  to  match 
th e  input c h a ra c te r is t ic s  o f  th e  A/D converter.
The TTL in te r fa c e  fo r  th e  c i r c u i t ,  shown in  F ig . (8b) functions 
only i f  the mode switch i s  s e t  to  " In te g ra te ."  In  t h i s  mode, th e  sam­
p le  command from  the  d a ta  a c q u is itio n  system s e ts  th e  f l ip - f lo p  to  
produce le v e ls  th a t  tu rn  on th e  inpu t FET gate and tu rn  o ff  th e  capaci­
t o r  c lea rin g  g a te . At a  l a t e r  time f ix e d  by the "A" one sh o t, an en­
code command i s  issued  to  t r ig g e r  th e  A/D converter. Approximately 
20 nsec a f te r  th e  encode i s  issu ed , th e  same t r ig g e r  pu lse  r e s e ts  the 
f l ip - f lo p  and thus c le a rs  th e  in te g ra to r .  Although th e  in te r fa c e  can 
opera te  as f a s t  as the 5 MHZ d a ta  a c q u is itio n  system , the  approxim ately 
400 nsec c le a r in g  time o f  th e  in te g ra to r  lim its  th e  use o f t h i s  device 
to  d a ta  a c q u is i tio n  ra te s  le s s  than 1 MHZ.
Figure 8. A schem atic diagram o f th e  in teg ra te -and -ho ld  c i r c u i t  added 
to  the  spectrom eter in  th e  course o f t h i s  work. P a r t  (a .)  
shows th e  analog c i r c u i t s .  The d i g i t a l  in te r fa c e  i s  d ia ­
grammed in  P a rt (b .).
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V. DISCUSSION
A completely general an a ly sis  o f the  r e s u l ts  o f  th i s  work should
q/2
he tw ofold. I t  should f i r s t  examine the  d a ta  to  see i f  th e  "t-3  " 
theory accu ra te ly  rep re sen ts  the  quadrupole modulated FID, and then in ­
v e s tig a te  th e  nieasurements in  l ig h t  o f o th e r th e o re tic a l  pre­
d ic tio n s  .
F o rtuna te ly  fo r  th e  t i r e d  re a d e r , th a t f i r s t  t e s t  was la rg e ly
covered in  th e  d e sc rip tio n  o f the  f i t t i n g  ro u tin e s  used to  measure
therm ally  induced d e fe c ts . As i l lu s t r a te d  in  F ig . (2) and F ig . (3 ) ,
■d/2the  " t  " modulation admirably f i t s  th e  undamaged c ry s ta l  FID to  the
sig n a l from a sample o f  h igher d e fe c t d e n s ity , and g ives a f i t  constan t
K(P,<fO w ith  the  p roper angular dependence.
Second moments derived  from le a s t - s q u a r e s - f i t s  o f  the  Abragam
functions to  the  FIDs in  th e  course o f the  pseudodipolar and exchange
o/2
s tu d ies  fu r th e r  support the  co rrec tness  o f th e  " t J " approach. As
shown in  Eq. (38), th e  t o t a l  second moment o f  a  III-V  coirpound FID
v arie s  w ith  c ry s ta l  o r ie n ta tio n  as C + Df (<f>). Since the  quadrupole
mechanism co n trib u tes  only to  th e  angular dependent term , one e j e c t s
FIDs from which th e  quadrupole co n trib u tio n s  a re  accu ra te ly  removed to
o v e ra ll second moments le s s  than  those  of u n trea ted  FIDs by an amount
71p ro p o rtio n a l to  This i s  v e r i f ie d  by moments derived  from Ga
FIDs befo re  and a f t e r  quadrupole removal and p lo tte d  in  F ig . (5 ) , along 
w ith th e  le a s t - s q u a re s - f i t  to  th e  function  C + Df(<f>).
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8/2'The comparison o f  " t  " measurements to  o ther experiments and 
th e o rie s  i s  a  ta s k  b e s t handled by in d iv id u a l cases. Following the  
general chronology o f th e  Experiment s e c tio n , we f i r s t  consider th e  de­
fe c t  d en sity  in c reases  measured in  therm ally  quenched GaAs and shown 
in  Table I .
A. Thermal Damage
22Using th e  chemical thermodynamics c a lc u la tio n s  o f  Logan and Hurle 
14as m odified by H ester i t  i s  p o ss ib le  to  determ ine th e  populations of 
As monovacancies c rea ted  by therm al quenching. This technique, using 
th e  law of mass a c tio n  and th e  requirem ent o f  e le c tro n e u tr a l i ty ,  im pli­
c i t l y  assumes th a t  As monovacancies are  th e  dominant d e fec t sp ec ie s .
I t  c o rre c ts  fo r  th e  presence o f As^ j vapor to  extend Logan and H urle’s 
work down to  th e  modest quench tem peratures used in  t h i s  study. The 
r e s u l t  o f  t h i s  c a lc u la tio n  i s  the  l in e  on F ig . (9 ). Since th e  theory 
presumes a  p e rfe c t  c ry s ta l  before  quenching, th e  n a tiv e  d e fec t density  
i s  su b trac ted  from th e  measured values fo r  coirparison to  the  theory .
In  Table I ,  th e  column lab e led  (therm al) gives th e  r e s u l ts  o f th is  
su b tra c tio n . Experim ental values fo r  samples quenched from 600°C and 
below tra c k  th e  th e o re tic a l  l in e  f a i r l y  w e ll ,  p a r t ic u la r ly  considering  
th e re  a re  no a d ju s ta b le  param eters except th e  FID norm aliza tion .
The experim ental d e fe c t density  from th e  sample quenched from 
700°C s u b s ta n t ia l ly  undershoots the  thermodynamic value . F u rth e r , the 
d e fec t d en sity  measured fo r  th e  doped c ry s ta l  i s  f u l ly  an o rder o f mag- 
n itu d e  le s s  than th e  c a r r i e r  concen tra tion  o f  ( 3 * 9 -  5 .1) x 10 cm 
measured by th e  m anufacturer. These apparent f a i lu r e s  w il l  now be ex­
amined in  l ig h t  o f both experim ental and th e o re t ic a l  l im ita tio n s  o f 
t h i s  approach.
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Figure 9* Measured values o f  de fec t d e n s itie s  induced by therm al
quenching a re  compared w ith th e  chemical thermodynamics
c a lcu la tio n  of H ester (so lid  l in e ) .  Ihe open c irc le s  a re
69measurements based on ^Ga resonance d a ta , s o l id  c irc le s  
71on 1 Ga, and t r ia n g le s  on ,JAs.
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W ithin th e  th eo ry , higher defec t d e n s itie s  imply f a s te r  decay o f 
s a t e l l i t e  co n trib u tio n s , p lac ing  more o f th e  re lev an t p a r t  o f  th e  s ig ­
n a l w ith in  th e  f i n i t e  deadtime o f the  equipment. A reasonable e s t i ­
mate i s  th a t  most o f the  quadripole co n trib u tio n  has occurred by the 
c r i t i c a l  tim e when th e  argument o f  the  exponent in  Eq. (29) equals -1 . 
So, one can expect experim ental sa tu ra tio n  to  s e t  in  when th is  " c r i t i ­
c a l time" equals our experim ental deadtime o f about 20 microseconds.
I f  the f u l l  angular dependence o f K i s  to  be observed, th i s  im plies 
sa tu ra tio n  d e n s itie s  o f 34, 17 , and 5-3  x lO1^ cm-  ^ fo r  ^ G a , ^ G a , ^<3 
re sp e c tiv e ly . Experimental s a tu ra tio n  arguments could thus con­
tr ib u te  to  the  anomalously low d e n s itie s  fo r  M5D700 and EMC2 as mea-
6b 7^ 71sured by ^Ga and '^As. However, the  Ga d e n s itie s  appear to  sa tu ra te
a t  values lower than th i s  estim ate .
Concern th a t the  quadripole frequency s h i f t  may have p laced  an ap­
p rec iab le  p o rtio n  o f the  s ig n a l beyond th e  spectrom eter’s bandpass 
prompted construction  o f a  f i t t i n g  program th a t  could a d ju s t th e  weight­
ing of th e  various t r a n s it io n s  in  th e  t o t a l  s ig n a l ( i . e . , t h e  fac to rs
0.4 and 0 .6 ) . Bandpass l im ita tio n s  would r e s u l t  in  c o n sis ten t deempha­
s is  o f th e  s a t e l l i t e  t r a n s i t io n s .  No such p a tte rn  emerged in  p ra c tic e , 
and bandpass was judged not to  be a problem.
Breakdown o f the  theory w il l  occur when the  i n i t i a l  approximation 
in  Eq. (1) ceases to  apply. The e rro r  terms w i l l  become appreciable 
when th e  quadrupole broadening approximates the  broadening due to  o th e r 
c iy s ta l  ham iltonian mechanisms. Ih is  condition  i s  assumed to  e x is t 
when th e  tim e requ ired  fo r  the  quadrupole modulation function  Q ( t)  to  
decay to  one h a lf  i s  le s s  than o r  equal to  th e  tim e, t  , requ ired  fo r  
the  pure c ry s ta l  FID V (t) to  reach i t s  h a l f  h e ig h t. Using Eq. (29),
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one can solve fo r  th e  maximum value of K th a t  s a t i s f ie s  t h i s  cond ition , 
which i s
k  =1 vtetx
The experim ental value o f  t*  i s  approximately 150 microseconds, imply­
ing  values o f 3 .8 , 1.9> and .58 x 101-’ cm“3 fo r  ^ G a , ^ G a , and ^ A s . 
Ihese values a re  c o n s is ten t w ith th e  sa tu ra tio n  values o f  Pd shown in  
P ig . (9 ). At l e a s t  in  p a r t  the  poor agreement fo r  the  h igh damage in ­
v e s tig a tio n s  can be a tt r ib u te d  to  a  breakdown the  the theory  i t s e l f .
M icroscopically the  theory breaks down when the f i e ld  g rad ien ts 
due to  d e fec ts  are  la rg e  enough so th a t  the changes in  energy lev e l 
spacings from one nucleus to  the  n ea res t l ik e  nucleus a re  la rg e r  th an  
the  width o f the  le v e ls .  Then most o f the mutual sp in  f l i p  terms o f  
th e  d ip o la r broadening are  no longer secu la r, and the  l in e  width o f  the  
separa te  t r a n s i t io n s  ( i . e . ,  3/2 to  1 /2 , e tc . )  decreases by about 10% . ^  
We have not genera lized  the theory to  e lim inate  the  troublesome approxi­
mation o f Eq. (1 ) , and cannot draw any conclusions w ith assurance, b u t 
i t  i s  har’d to  understand how such a  sm all change in  V (t) can cause an 
apparent decrease in  K by a  fa c to r  o f ten .
I f  one a sc rib e s  the  dev ia tion  between the charged d e fec t density  
and th e  Logan and Hurle c a lcu la tio n  a t  700°C to  the  form ation of s in g ly  
charged As d ivacancies, then th is  dev ia tion  can be explained i f  the  
divacancy bonding energy i s  1 eV. Both the  theory and th e  data  must 
be inproved to  confirm  th is  specu la tion .
During the  f in a l  w ritin g  phase o f th is  d is s e r ta t io n ,  th e  William 
and Mary Physics Department was v is i te d  by Dr. Janes A. Van Vechten o f 
the  IBM Watson Research Center in  Yorktown H eights, New York. He 
brought a p re p rin t o f an a r t i c le  ca lcu la tin g  equilib rium  concentra tions
o f defec ts  in  p-type GaAs, which he had prepared  fo r  Novenber 1975
tio n  o f a n t is t ru c tu re  p a irs  in  which a gallium  and an a rsen ic  atom 
change p la c e s . Ih is  a d d itio n a l degree o f freedom perm its the  forma­
t io n  o f bo th  doubly ion ized  gallium  atoms on the  a rse n ic  s u b la tt ic e  
(G a^J and n e u tra l  d e fec t c lu s te r s  composed o f  two a rse n ic  vacancies 
(Vjjg) and one (Ga“ ) a n tis tru c tu re  ion . For p-type GaAs a t  800° C he 
p re d ic ts  Ga^~ w ill  be fo u r  t in e s  more common than charged a rsen ic  mono­
vacancies .
These r e s u l t s ,  ta i lo re d  to  th e  l iq u id  phase e p i ta x ia l  growth o f  
p-type m a te r ia l, a re  not d i r e c t ly  ap p licab le  to  th e  boat-grown n -type  
m ateria l used in  th e  therm al damage study. Dr. Van Vechten has o ffe red  
to  adapt h i s  technique to  our experiment and o f fe r  a second c a lcu la ­
tio n  to  compare w ith our d a ta . His r e s u l ts  w il l  be used in  th e  p repara­
t io n  of a  Comment to  Reference 21.
2 /2The re a d e r  should note th a t  th e  " t  " theory  as derived  assumes 
a  sin g le  e f fe c t iv e  charge fo r  a l l  d e fe c ts . The FID modulation due to  
M e ffe c tiv e  charges e^ can be c a lcu la te d  by t r e a tin g  th e  rig h t-h an d  
s id e  o f  Eq. (15) as a  product o f th e  products from each o f the  e f fe c -
piI
p u b lic a tio n . The thermodynamic c a lc u la tio n s  he perform s account fo r
1Ua l l  o f th e  mechanisms considered by H ester and allow  fo r  the  form a-
where i s  th e  number or d e fe c ts  w ith  e f fe c tiv e  charge e ^  The f in a l  
r e s u l t  has th e  form o f  Eq. (29) except
The measurements o f  th e  Sl-doped n-type sanple EMC2 a re  not s u i t ­
ab le  fo r  a n a ly sis  w ith  th ese  thermodynamic c a lc u la tio n s . Comparing th e  
o r ig in a l  m a te r ia ls , we no te  th a t  EMC2 has bo th  a  h ig h er m ob ility  and a 
h igher e tch  p i t  d en sity  than  th e  o r ig in a l  values fo r  th e  Monsanto in g o t. 
This would in d ic a te  th a t  many o f  th e  donors a re  trapped along d is lo c a ­
tio n s  r a th e r  than being  uniformly d is tr ib u te d  throughout the  bulk  o f 
the  sanp le . This e f f e c t  could exp la in  th e  dev ia tio n  between the  mea­
sured d e fe c t concen tra tion  and th e  charge c a r r ie r  concen tra tion  fo r  
th is  c ry s ta l .
The lower l im it  o f  d e fec t d e n s it ie s  th a t  can be measured w ith  con­
fidence can be estim ated  by assuming th a t  th e  modulation function  Q (t) 
must have reduced th e  FID by a t  l e a s t  2% a t  t  in  o rder to  be d e tec ted . 
This corresponds to  d e fec t d e n s it ie s  on th e  order o f 7 x 10 cm .
As derived  by Fedders,^  th e  FID w il l  be modulated in  general by a 
term  e x p ( - c t ^ / n )) fo r  f ie ld  g rad ien ts  th a t  f a l l  o f f  as r - n . We in -  
v e s tig a te d  the  p o s s ib i l i ty  of a  r  d ipo le  f i e ld  induced efg  e f f e c t  by 
f i t t i n g  an ex p (-c t) dependence to  our d a ta . The r e s u l t in g  f i t s  took 
th ree  param eters to  equal th e  two param eter performance o f  the  exp (-K t3/2)
p
fu n c tio n , as measured by x • An attem pt to  f i t  the  d a ta  w ith  an
p p
ex p (-c t ) function  le d  to  la rge  x •
B. E lectron-Coupled In te ra c tio n s
The r e s u l t s  o f  th e  pseudodipolar and exchange measurements were 
derived from le a s t - s q u a re s - f i t s  o f second moments to  t h e i r  angular de­
pendence l ik e  th a t  i l l u s t r a t e d  in  Big. (10). The g re a te s t  in te r e s t  in  
these  measurements i s  in  th e i r  comparison to  o ther experim ental numbers 
and th e  p red ic tio n s  o f the  Bond O rb ita l Model.
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71 —Figure 10. Second moments derived  from Ga FIDs (before and a f te r
e lim ina tion  o f th e  quadrupolar con tribu tion  using Eq. (32)) 
a re  p lo tte d  w ith t h e i r  le a s t - s q u a re s - f i t  to  th e  function  
C + Df ( t ) .
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As shown in  Table IV, the s tre n g th s  o f both In te ra c tio n s  measured 
in  th is  experiment a re  s l ig h tly  g re a te r  than those  p rev iously  reported . 
In l ig h t  o f  the  a d d itio n a l su b trac tio n s used by H e s t e r a n d  the  lower
/r
s ig n a l-to -n o ise  r a t io  i l lu s t r a te d  by Sundfors, th is  discrepancy is  not 
viewed as se rious.
The two e lec tro n  BOM derived by Huang e t  a l 10 i s  an ex tension  of 
the  theory o f  te trah ed ra lly -co o rd in a ted  so lid s  due to  H arrison . ^  
B asica lly  a  g en era liza tio n  of th e  linear-corribination of atomic o rb ita ls  
(LCAO) approach, th e  BOM theory describes bulk e ffe c ts  o f  th e  c ry s ta l  
from c a lcu la tio n s  u sin g  an ion-cation  bonds c o n sis tin g  o f sp^ hybrid 
o rb i ta ls .  In  p a r t ic u la r ,  the pseudodipolar and exchange in te ra c tio n  
streng ths can be obtained from a  p e rtu rb a tio n  ca lcu la tio n  involving th e  
ground and f i r s t  e x c ited  s ta te s  o f th e  e lec tro n s in  the bond.
The theo ry  p re d ic ts  a value fo r  r e/ rdd consi s te n t ly  i s  la rg e r  
than the  experim ental va lue , but th e  reverse  fo r  rp(j / r dd. The new mea­
surements fo r  GaAs and GaP confirm these  tre n d s , and in  f a c t  make the  
d iscrepancies even la rg e r  fo r GaAs. Both re and tend  toward sm aller 
values fo r  decreasing anion atomic number, as one would expect.
The r a t i o  rp(y T e appears to  be more nearly  constant th an  previous 
experiments have in d ica ted . The BOM p red ic ts  th a t  th is  r a t i o  should be 
re la t iv e ly  in se n s itiv e  to  the choice o f compound.
The lack  of agreement between th ese  f i r s t  BOM c a lcu la tio n s  and ex­
periment i s  not s e r io u s , so long as th e  trends o f the theory  and d a ta  
are  c o n sis ten t w ith each o ther. E ffe c ts  of e le c tro n  c o rre la tio n  and 
overlap have not y e t been included in  th e  theo ry . F u rth e r, several 
overlap m atrix  elements o f the magnetic in te ra c tio n  ham iltonian were 
neglected  as a sim plify ing  approximation. Inc lu s ion  of th e se  fac to rs  
may help  reduce the  disagreement.
One In te re s t in g  aspect o f th e  BOM re s u l ts  i s  a  s in p le  r e la t io n  be­
tween the  s t a t i c  e le c tro n ic  d ie le c t r ic  constant and th e  exchange coup­
l in g  co n stan t, namely
£(o) - 1  =  K ti  /*„ .
A sim ila r  re la t io n  holds fo r  Tp^. Ihe q u an tity  K i s  not e s ta b lis h ­
ed as a  constant by th e  BOM, but in  the  l im it  o f no e le c tro n  c o rre la ­
t io n  K i s  a  function  o f  only in tra -a tom ic  param eters.
As a  t e s t  o f th is  r e la tio n s h ip , P ig. (11) shows a  p lo t o f  e(0) - 1  
versus a  nurrber p ro p o rtio n a l to  re/ r 0 , fo r a  se r ie s  o f indium and gal­
lium compounds, and AlSb. Note, th e  d ie le c t r ic  constant used i s  the  
e le c tro n ic  co n trib u tio n  only, and r Q i s  th e  near neighbor d is tan ce  of 
th e  compound. I t  was known prev iously  th a t  th e  In  conpounds showed a 
s t r a ig h t  l in e ,  hence constan t K, on th is  p lo t .  Our r e s u l t s  fo r  GaP and 
GaAs now show th is  i s  t ru e  fo r th e  Ga conpounds a lso . Note however, 
th a t  the  s e r ie s  AlSb, GaSb, and InSb does no t form a  s t r a ig h t  l in e .
More d a ta  are  needed fo r both r0 and to  in te rp re t  th ese  r e ­
s u l t s .
C. R adiation Damage
Since th e re  e x is t  both  th eo rie s  and o th er experiments fo r  coirpari- 
son, th e  ra d ia tio n  damage experiment provides th e  b e s t opportunity  to  
evaluate  th e  absolute magnitude and l in e a r i ty  o f NMR d efec t measure­
ments. In  l ig h t  o f th e  apparent sa tu ra tio n  o f  the NMR measurements o f 
d e fec t d ensity  w ith re sp ec t to  thermodynamic p re d ic tio n s , perhaps the  
most in te re s t in g  fe a tu re  o f the  r e s u l ts  in  Table V i s  th e i r  tren d  in  
exac tly  the  opposite d ire c tio n . Since gamma damage a t  th is  le v e l  i s ,  
to  good approxim ation, a  l in e a r  p rocess, th e  n e t change in  the  d e fec t
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Figure 11. S ta t ic  e le c tro n ic  d ie le c t r ic  constan t minus one, e(0) -  1, 
versus a  number p ro p o rtio n a l to  r e/rQ . D ie le c tr ic  constant 
values a re  taken from a  ta b le  by Van V echten.a  Ihe open 
c ir c le s  a re  measurements from th i s  work, s o l id  c ir c le s  are  
from Sundfors,k and th e  t r ia n g le  from Englesberg and Nor- 
b e rg .c E rro r ba rs  fo r  GaP a re  approxim ately th e  s iz e  o f 
th e  c i r c le .
aPhys. Rev. 182, 891 (1969). 
bRef. 6. 
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density  follow ing each exposure should be in  p roportion  to  th e  exposure. 
In  f a c t ,  although l in e a r  to  w ith in  experim ental e r ro r ,  the  la rg e r  in i ­
t i a l ,  gamma exposure re su lte d  in  the  sm aller net in crease  in  th e  mea­
sured d e fec t d en sity .
Apparently, th is  NMR technique i s  not sa tu ra ted  by charged defect 
d e n s itie s  o f  1 0 ^  cm- ^. The disagreement in  the d e n s ity  measurements 
w ith re sp ec t to  thermodynamic p red ic tio n s  in  the  therm al damage s tu d - 
ies^> should be a tt r ib u te d  to  th e  inconplete  model on which the  
c a lcu la tio n s  were based.
These NMR measurements o f de fec t concen tra tion  agree, w ith in  a 
fac to r  o f 2 , w ith th e  p red ic tio n s  based on the  c a r r ie r  removal d a ta  o f
p
B ra ilo v sk ii and Konozenko a f t e r  allowance i s  made fo r  annealing. Since 
th is  experiment was conducted on a  c ry s ta l  w ith a  d if fe re n t  c a r r ie r  
concen tra tion , and a t  300°K in s tea d  o f 77°K, th is  descrepancy i s  not 
regarded as se rio u s.
Although the measured d e n s itie s  a re  w ith in  10%.o f them selves, the  
absolute value o f  the  de fec t density  measured by NMR i s  sub jec t to  
approximately a  30% c o rre c tio n . Experimental u n certa in ty  in  th e  value 
o f  the. constan t which r e la te s  the  e le c t r ic  f i e ld  g rad ien ts a t  the  
nuclear s i t e s  to  th e  de fec t induced e le c t r ic  f ie ld  i s  the  source o f 
th is  e r ro r .  The measured d e fec t density  v a rie s  as R -^3/2>
D efect production by gamma rays in  semiconductors i s  p rim arily  
caused by energetic  e lec tro n s  produced by the  Compton e f f e c t ,  th e  pho­
to e le c tr ic  e ffe c t and by p a ir  production. These e lec tro n s d isp lace  
atoms from th e i r  l a t t i c e  p o s it io n s , forming in te r s t i t ia l-v a c a n c y  p a irs . 
Thus, two charged d e fec ts  should be produced fo r  each displacem ent.
The number o f  these  displacem ents can be c a lcu la te d  using  an in te ­
g ra tio n  scheme developed by Cahn.2'* The technique c a lc u la te s  th e  spec­
t r a l  d en sity  o f en e rg e tic  e le c tro n s  produced in  th e  m a te ria l by the 
gamma f lu x  using  w ell e s ta b lish e d  r e l a t i v i s t i c  c ro ss  se c tio n s . The 
number o f displacem ents i s  obtained by in te g ra tin g  th i s  e le c tro n  energy 
d is t r ib u t io n  over the  R utherford s c a t te r in g  cross se c tio n  o f  th e  atoms, 
assuming each l a t t i c e  s i t e  i s  an is o tro p ic  square w e ll. The c a lcu la tio n  
re q u ire s  th e  energ ies o f  th e  in c id en t gammas and th e  average d isp lace­
ment energy o f th e  atoms as inpu t param eters. While th e  energ ies of 
finthe  in c id en t Co ganma rays a re  w ell known, th e re  i s  some airibiquity in  
th e  average displacem ent th resho ld  energy, w ith rep o rted  values o f %  
ranging  from 9 to  l8eV2®s 271 as d iscussed  by C o rb e tt,2® th i s  d isagree­
ment stems la rg e ly  from assign ing  an iso tro p ic  square w ell model to  a 
displacem ent energy th a t  has an o r ie n ta tio n  dependence.
The displacem ent in tro d u c tio n  r a t e  c a lc u la tio n  was c a rr ie d  out by 
Dr. Neal D. Wilsey a t  th e  Naval Research Laboratory in  Washington, D. C. 
Since th i s  experiment was performed a t  300°K and s in ce  displacem ent 
theory  does not include annealing e f f e c t s ,  th e  th e o re tic a l  in tro d u c tio n  
r a t e  i s  scaled  to  account fo r  experim ental evidence th a t  approximately 
b0% o f  th e  damage in troduced a t  77°K i s  annealed a t  300°K.2® Values of 
th e  displacem ent th resh o ld  energy used included: E^(Ga) = 9 eV and
E^(As) = 9 .4  eV in d ic a te d  by B a u er l e i n ; 2^ and = 14 and 15 eV fo r bo th  
n u c le i, re p re se n ta tiv e s  o f  the  middleground between published extremes; 
and E^(Ga) = 12.4 eV and E^(As) = 17.6 eV ca lcu la ted  by Van Vechten.2^ 
R esu lts  o f  these  c a lcu la tio n s  are  given in  Table VI.
F ig . (12) i s  a p lo t o f experim entally  determ ined defec t concentra­
t io n  r a t io s  as a function  o f  ^C o  flu en ce . C alculated curves fo r  the
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TABLE VI
Pig. 11 Average Threshold Displacement Charged Defect
Symbol E nergies Rate In tro d u ctio n
Ed (Ga) Ed (As) Rate
A 9 eV 9-4 eV 0.0432 cnf1 0.0518 cm- '
B 14 14 0.0153 0.0184
C 12.4 17.6 0.0141 0.0169
D 15 15 0.0126 0.0151
Values o f  th e  charged d e fe c t in tro d u c tio n  r a t e  c a lcu la te d  f o r  severa l 
average displacem ent th re sh o ld  energ ies .
6 l
F igu re  12. Measured defect concentra tion  r a t io s  as a  function  o f  ^°Co 
flu en ce  are p lo tte d  with p red ic tio n s  based on the ca lcu la ­
t io n s  o f Cahn.a  Ihe  id e n tify in g  l e t t e r s  reference  in d iv id ­
u a l curves to  th e  values o f E , shown in  Table VI.d
a . See Ref. 25 .
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above-mentioned values o f  a re  drawn fo r  comparison. Although th e  
curve fo r  th e  ad hoc = 14 eV b e s t rep resen ts  th e  experim ental r e s u l t s ,  
u n c e r ta in tie s  in  th e  abso lu te  s iz e  o f  the  NMR measurements because o f 
th e  constan t R_^ and annealing c o rre c tio n s , imply reasonably  good agree­
ment w ith  the  c a lc u la tio n s  o f  Van Vechten. The th resh o ld  displacem ent 
energy measured by B auerlein  i s  to o  low to  exp la in  th ese  d a ta .
D, C losing Remarks
This work re p re se n ts  a  f i r s t  s e r ie s  o f t e s t s  and a p p lic a tio n  o f  th e  
o /2" t^  " theo ry  o f  quadrupole broadening which i s  i t s  c e n tra l  theme.
Although th e  evidence in d ic a te s  th a t  th e  theory  i s  b a s ic a lly  c o r re c t ,  
th e re  i s  ample room fo r  fu r th e r  re sea rch .
Perhaps th e  most in tr ig u in g  experim ental a rea  in  t h i s  re sp ec t i s  
th e  measurement o f d e fe c t d e n s i t ie s ,  since  i t  i s  now clouded by poorly  
determ ined constan ts and c o n f lic tin g  th e o re tic a l  p re d ic tio n s . In  p a r­
t i c u l a r ,  remeasurement o f the  efg  constan t R-^ should rece iv e  p r io r i ty  
in  fu tu re  work. The superb s ig n a l- to -n o ise  r a t i o  a tta in a b le  w ith  th e  
s ig n a l averaging spectrom eter should make more accura te  measurements a 
s tra ig h tfo rw ard  e n te rp r is e . An attem pt should a lso  be made to  id e n tify  
th e  e f fe c t iv e  charge(s) o f the  d e fe c ts  which have been induced in  th e  
c ry s ta ls  used in  t h i s  work. This could be done using  the  in d ire c t  
d e te c tio n  method o f double resonance to  f in d  s ig n a ls  from th e  n u c le i 
w ith  near neighbor d e fe c ts . The abso lu te  frequency o f  th ese  very  ra re  
sp in  resonances, undectec tab le  by d ir e c t  methods, would provide a 
measure o f  the  s iz e  o f  th e  quadrupole s p l i t t i n g  a t  a known d is ta n c e , 
and hence give th e  magnitude o f th e  p e rtu rb in g  charge.
In  l ig h t  o f  th e  Bond O rb ita l Model p re d ic tio n s , i t  should a lso  be 
f r u i t f u l  to  measure th e  pseudodipolar and exchange in te ra c tio n  con­
s ta n ts  in  o ther I I I -V  conpounds. I f  experience w ith a  borrowed c ry s ta l  
o f GaN i s  ty p ic a l ,  however, much o f th i s  work must w ait th e  growth o f 
c ry s ta ls  w ith quadrupole in te ra c tio n s  sm all enough to  be t re a te d  by 
th e  " t ^ ^ "  theory .
C losing on a  pu rely  experim ental n o te , I  would l ik e  to  remark th a t  
considering  th e  p ie z o e le c tr ic  response of GaAs to  be no ise  I s  perhaps 
narrow minded. We have observed th a t  th e  amount o f  p ie z o e le c tr ic  s ig ­
n a l a t  th e  beginning o f a FID seems to  r e f le c t  th e  o v e ra ll  d e fec t den­
s i ty  o f  th e  sanpl'e. Very pure c ry s ta ls  a re  d ram atica lly  more shaky than 
damaged ones. I  suspect th a t  c a re fu l s tu d ie s , perhaps w ith equipment 
b e t te r  su ite d  to  p ie z o e le c tr ic  measurements, could use th i s  r e s p o n s e  as 
a  s e n s it iv e  probe o f  c ry s ta l  q u a lity .
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